Sustained observations of ocean properties reveal a global warming trend and rising sea levels. These changes have been documented by traditional shipbased measurements of ocean properties, whereas more recent Argo profiling floats and satellite records permit estimates of ocean changes on a near realtime basis. Through these and newer methods of observing the oceans, scientists are moving from quantifying the 'state of the ocean' to monitoring its variability, and distinguishing the physical processes bringing signals of change. In this paper, I give a brief overview of the UK contributions to the physical oceanographic observations, and the role they have played in the wider global observing systems. While temperature and salinity are the primary measurements of physical oceanography, new transbasin mooring arrays also resolve changes in ocean circulation on daily timescales. Emerging technologies permit routine observations at higherthan-ever spatial resolutions. Following this, I then give a personal perspective on the future of sustained observations. New measurement techniques promise exciting discoveries concerning the role of smaller scales and boundary processes in setting the largescale ocean circulation and the ocean's role in climate. The challenges now facing the scientific community include sustaining critical observations in the case of funding system changes or shifts in government priorities. These long records will enable a determination of the role and response of the ocean to climate change.
Introduction
Physical oceanography and the circulation of the oceans are central to the study of marine science. Observations form the foundation of our knowledge of the sea. In this paper, I give an overview of three primary methods presently in use to make global observations of the state of the oceans, and the UK's contribution to these efforts. While a broad history of the study of the ocean is beyond the scope of this paper, I have chosen a few highlights to show how sustained observations have transformed our understanding of ocean physics. A personal perspective follows on the future of sustained observations and challenges that lie ahead. This paper was based on a contribution to the Challenger Marine Society meeting on a 'Prospectus for UK marine science and sustained observations' (see also [1] ). While some of the great successes of the UK contributions to sustained observations are highlighted, many developments and new insights rely on international collaboration and jointly funded projects. As a consequence, some of the efforts and successes described below will encompass the UK's contributions to the wider international effort. Before beginning a discussion on sustained observations, we must first ask: why are we interested in sustained observations? Here, we take 'sustained observations' to mean long-term repeated measurements of the same quantity at the same location. This type of observational approach contrasts primarily with 'process-orientated studies', which tend to consist of a great number of measurements over a limited geographical region and short period of time-often just a few weeks. During the writing of this article, the Fifth report of the Intergovernmental Panel on Climate Change (IPCC) was released and has made it increasingly clear that the Earthocean-atmosphere system is undergoing one of the greatest experiments of our time: that of human-induced change to the climate. The world is getting warmer. Long-term changes are clear in sustained global records such as surface air or sea temperatures, sea-level rise or carbon dioxide concentration at Mauna Loa (figure 1). Reconstructions of global sea level since the latenineteenth century from in situ tide gauges and altimetry are conclusive: sea level is rising and accelerating [2, 3] . In the CO 2 record since the 1950s, while there is evidence of variability on shorter timescales-e.g. a distinct annual cycle-the long-term secular trend is unmistakable. The changes in CO 2 concentration are particularly compelling, because increases in CO 2 drive global warming through the greenhouse effect. There is nothing quite as convincing as a long record for climate change.
The discussion in this paper is based on the assumption that we are interested in longterm sustained observations in order to understand the ocean's role in and response to climate change. In the examples given above, however, CO 2 concentration and sea level, the ratio of the signal to noise-magnitude of the underlying trend to the shorter-term variability-is larger than in many other climate records. This type of timeseries, while forming the cornerstone of the case for human-induced global change, can be misleading for how we understand the ocean. Regional changes may vary in sign; adjustments in circulation may change the distribution of heat around the earth and feedback on the changes, e.g. through the melting of polar icecaps. As
Sustained global observations
Observations on a global scale have provided evidence that climate change is indeed occurring, and is not just a localized signal of variability. Here, we outline methods for making highquality, global-scale measurements and provide examples of some of the understanding that has been derived from them. While observations of the ocean have a rich history, we do not address it here (e.g. [4] ). Instead, we focus on three modern methods still in use today: shipbased hydrographic (temperature and salinity) measurements, satellite estimates of sea surface height and autonomous profiling floats measuring hydrography. Of these three methods, it could be argued that the UK has had the greatest role in hydrographic measurements, with the 1870s Challenger expedition in the early days of marine exploration (see also [5] ), and continuing today.
(a) Global-scale, full-depth ship-based measurements: hydrography Ship-based hydrographic observations are the 'gold-standard' of data quality for measurements of temperature and salinity. The high quality of these measurements arises from pre-and postcruise calibration of the conductivity-temperature-depth (CTD) sensor in a laboratory as well as mid-cruise collection of water samples. These water samples are used to independently verify the sensor data against prepared bottles of standard seawater (see [6] for a history of standard seawater). This rigorous attention to the measurement quality, combined with drift-free standards [7] , results in the highest accuracy measurements of temperature and salinity.
Until recently, hydrographic observations were concentrated in the Northern Hemisphere, and primarily in the Atlantic. Organized in the 1980s, the World Ocean Circulation Experiment (WOCE, http://woce.nodc.noaa.gov/wdiu/) was a grand international effort to improve the spatial coverage of hydrographic knowledge of the global oceans (figure 2). In the WOCE, climate modelling, hydrographic sections and altimetry were gathered together to determine to what extent climate can be predicted, and the extent of man's influence on climate. In setting out the experiment, the hydrographic sections were intended to reduce uncertainties in the ocean's heat and freshwater fluxes. While the originators of WOCE were aware of the variability of the ocean on a wide range of timescales, the need for coverage was key, and snapshots of oceans previously unsampled were taken to be representative of that region. This first-ever global coverage of the oceans formed a critical baseline for regions where there were previously no high-quality, full-depth observations. The international efforts of hydrography are http://woceatlas.tamu.edu/Sites/html/atlas/SOA_WOCE.html). Names such as 'A1' denote WOCE hydrographic sections. (b) Sea-level rise attributable to warming of Antarctic Bottom water. Basin means of sea-level rise from the 1990s to the 2000s owing to abyssal thermal expansion below 4000 m and deep thermal expansion in the Southern Ocean from 1000 to 4000 m south of the sub-Antarctic Front. Basin boundaries (thick grey lines) and 4000 m isobath (thin black lines) are also shown [8] .
American Meteorological Society. (Online version in colour.)
now coordinated through the Global Ocean Ship-based Hydrographic Investigations Programme (GO-SHIP, http://www.go-ship.org/). The primary downside of global-coverage using hydrographic sections is that making the measurements is resource-intensive. The WOCE experiment took nearly a decade to complete, with multiple global-class ships from participating countries making hydrographic measurements nearly continuously. However, the benefits to this experiment could not have been realized any other way. Slowly varying fields in the ocean can be quantified to high accuracy. Combining the first baseline in the 1990s with repeat observations in the 2000s has yielded remarkable results. The deepest layer of the ocean has been shown to be warming over this time period, with the observed magnitude of warming contributing a non-negligible fraction (roughly 10%) of sea-level rise (figure 2) [8] . Without the international cooperation and coordination, these deep warming signals would be occurring unbeknownst to us.
Beyond determining the overall distribution of properties in the ocean, or differencing two repeat measurements to estimate the change, in areas where repeated observations exist at higher frequency, they also show how those properties change with time. As one example in the Atlantic, the UK has led observations at the Ellett and Extended Ellett lines (EL and EEL, respectively) from Scotland to Rockall (EL), and up to Iceland (EEL), around A24 in figure 2 . The EL has been occupied regularly since the 1970s. These long-term observations have shown that the properties have been experiencing warming and salinification across the section (Rockall Trough) since the mid-1990s [9] . Combining the temperature and salinity section data with observations from ocean weather ships places these observations in the context of even longer term variability (since 1948; figure 3 ). Using additional measurements from other repeat sections in the subpolar regions shows that the signal of warm, salty water is penetrating to higher latitudes and towards the Arctic [10] . At the 24 • N section across the Atlantic (A5, in figure 2), the UK contributed the original hydrographic section in 1957 on RRS Discovery II, as well as two repeat sections in 2004 and 2010, with a further repeat planned in 2015. The 2010 section is shown in figure 4 , where temperatures range from above 23 • C near the surface to 1.8 • C at the bottom. Besides measuring temperature and salinity, hydrographic sections have also been used to estimate circulation or current speeds. This is carried out by calculating density from the temperature and salinity profiles, and applying the thermal wind relation between successive stations. Integrating the vertical shear results in an estimate of transport, which when combined with temperature and salinity properties can further be used to estimate heat and freshwater transport [11] . With a transbasin section such as A5, these methods have been used to estimate the strength of the meridional overturning circulation (MOC) [12] . The MOC is the name given to the circulation pattern shown in figure 5 , where warm salty water moves northwards in the surface layers, and then southwards in the deep layers, with a conversion from warm to cold occurring at high latitudes. This conversion releases heat to the atmosphere, where it is expected to be one of the processes responsible for keeping the UK warm compared with locations at similar latitudes of North America. Combining the transbasin transport with surface wind-driven Ekman transport and Gulf Stream transport through the Straits of Florida provides an estimate of the MOC. This analysis was carried out in 2005 using five hydrographic sections [12] . The estimates from 1957 to 2004 showed a worrisome 30% decrease in the strength of the overturning circulation from 22.9 Sv (1 Sv = 10 6 m 3 s −1 ) in 1957 to 14.8 Sv in 2004 (figure 4). The strength of the MOC is directly related to the strength of the heat transport [13] , and a shutdown of the MOC has been associated with a cooling over the UK and Europe. We return to the discussion of the MOC changes in a later section.
In high-latitudes regions (the Arctic and around Antarctica), data coverage is relatively sparse when compared with the wider North Atlantic. The UK has led recent efforts to synthesize Arctic measurements from multiple countries, creating the first circum-Arctic budget of net inflows and outflows [14] . In the Southern Ocean, the UK was a key contributor to the synoptic Antarctic shelfslope interactions (SASSIs) programme which coordinated synoptic sections all around Antarctica for the first time [15] . The Drake Passage sections (A21/S1 on figure 2) across a narrow choke-point of the Antarctic circumpolar current (ACC) have now been occupied for nearly 20 years, and are one of the UK's outstanding contributions to global hydrographic efforts. These observations have resulted in several scientific breakthroughs recently outlined in a review paper [16] (see also [17] ). These included a quantification of the ACC structure and transport, increased understanding for the stability of transport on interannual timescales, and determining the mechanisms driving changes in the overturning in the Southern Ocean.
(b) Global-scale measurements of variability: satellite altimetry Satellite-derived estimates of sea level also give a global view of the oceans. Unlike hydrography, where repeats are annual to decadal, present-day satellite estimates of sea level are made globally every 10 days or better. However, they provide a surface-only view of the oceans, whereas hydrography also measures depth-variations. Altimeters on American, European (including the UK-led CryoSat) and other satellites measure variations in sea surface height relative to a reference ellipsoid. The use of satellites to estimate ocean circulation came into focus with the launch of TOPEX/Poseidon in 1992. While altimetry had been used for a few decades prior to measure sea surface height, TOPEX/Poseidon was the first mission specifically designed for highaccuracy estimates of the large-scale ocean surface circulation from spatial gradients in sea level. Figure 6 shows sea surface height anomaly (conventionally expressed relative to a multi-year mean sea surface) from TOPEX/Poseidon altimeter in August 1996. Using multiple satellites together-the precise TOPEX/Poseidon with the more highly resolved, but less precise, ERS-1-provides a new view of the oceans. Figure 6 shows the combination of the two for the same period as (a). Combining two altimeters with different designs provided an unprecedented view of the smaller horizontal scales (50-200 km) in sea surface height: the ocean mesoscale [18] . The impression is almost that of acquiring new spectacles with which to view the ocean. The altimeter data showed that the energy in the ocean mesoscale was enormous (13 exajoules, 1 exajoule = 10 1 8 J) which is more than half of the 'general circulation' budget (20 exajoules) [19] . Recent reviews have expounded on the revelations of ocean mesoscale field provided by altimetry, and will not be repeated here [20, 21] .
The mean sea surface height field is somewhat more complicated to extract. Oceanographers are interested in the height of the sea level relative to the geoid-the regionally varying distribution of sea level associated with an ocean at rest-because the difference (dynamic topography) is the portion of sea level associated with circulation. With the advent of the Gravity Recovery And Climate Experiment (GRACE, 2002-present) and Gravity field and steady-state Ocean Circulation Explorer (GOCE, 2009 (GOCE, -2013 ) missions, it is now possible to estimate the geoid more directly [22] (see also [23] ).
(c) Global-scale measurements of variability: profiling floats Argo profiling floats are self-contained measurement platforms which drift with the currents making measurements and then transmitting them to base stations on land. The floats are designed to control their buoyancy to 'park' at 1000 or 1500 m deep for 10 days, then adjust their volume to sink to 2000 m deep, and then rise to the surface while measuring temperature and salinity. At the surface, the floats then send their data via the Argos (or, more recently Iridium) satellite data network, before sinking to their parking depth once more [24] . Their unique sampling pattern allows global measurements, but restricted to the top 2000 m and away from boundaries.
The internationally coordinated Argo profiling float programme was implemented in the early 2000s. The complete Argo network was proposed to contain over 3000 floats, each profiling once every 10 days to 2000 m. This aim was achieved in November 2009. Figure 7 gives a view of the coverage at present. With the design coverage and repeat frequency, the global ocean temperature and salinity variations are captured at roughly 3 × 3 • resolution. While individual profiles sample every 10 days, the nominal temporal resolution of the data is a coarser three-monthly timescale, owing to the limited spatial coverage. In the North Atlantic, the coverage greatly increases the spatial and temporal resolution of ocean observations, compared with previous hydrographic sections, but in the Southern Ocean the difference has been even more remarkable [25] .
One of the benefits of the Argo network over traditional hydrographic measurements is that it samples continuously. This means that after a remarkable atmospheric or oceanic event has occurred, the data can be used retrospectively to quantify and understand it. As an example, during the 2009/2010 and 2010/2011 winters, the atmosphere was in a strongly negative North Atlantic Oscillation (NAO) state. Sea surface waters during the wintertime NAO were anomalously cooler. To investigate the temperature anomalies associated with the repeat NAO, Argo floats were used to determine that the surface temperature anomalies were due to the re-emergence of subsurface anomalies created during the first negative NAO [26] . These results then hint at a controlling role for the ocean in atmospheric circulation patterns. With traditional observational methods, it would not otherwise have been possible to study this effect.
There are some inherent difficulties in distributed networks of expendable platforms. One of the primary issues for climate-quality timeseries is that of data quality. Unlike ship-based hydrography, the CTD sensors on Argo floats are not calibrated at the end of life of an Argo float. Because floats are designed to last 4 or more years, the sensor is subject to drift owing to degradation by physical effects or biological fouling (when organisms from bacteria to barnacles take up residence on the floats). In addition, given the size of the array and the contributions from multiple countries, intercalibration and quality control of float data is managed separately by each country and sometimes multiple groups within a country. An individual scientist may be responsible for the quality control of the portfolio of floats deployed by his or her group or country, and use those floats and available hydrographic data to intercalibrate sensors. Depending on the size of the portfolio, the manufacturer of floats in the portfolio and possibly on subjective calibration choices, Argo data drift may not be adequately corrected, or may even be overcorrected. The irregularity of the data presents an additional difficulty. To combat this difficulty, the UK Met Office has created a publicly available, quality-controlled, spatially and temporally gridded datasets using both Argo float profiles and hydrographic data from the world's oceans [27] .
(i) Summary
These three global-scale sustained observations of the world oceans have led to significant gains in our understanding of the state of the oceans. Returning to our overriding questions of what we are trying to measure and how precise the measurement needs to be made, it becomes clear that at present only ship-based hydrography with frequently calibrated sensors, and comparisons against drift-free standards, give the highest-precision, climate-quality data. With these measurements, small changes in the deepest layers of the ocean were discernible, while at critical checkpoint locations across narrow passages in the North Atlantic or Southern Ocean, repeated measurements allow a study of the temporal variability in changes. However, where temporal changes occur over broad scales, ship-based hydrography may not be an efficient use of resources. Instead, Argo float profiles provide repeated measurements, at coarser and distributed resolution while satellite-derived sea-level profiles a global view of the surface-only circulation.
Combining the three observational datasets (hydrography, altimetry and floats) allows additional uses of the data. Data assimilation programmes, whereby dynamically plausible numerical simulations of the ocean use observations to adjust the simulations to match observations, provide global, repeated estimates of the state of the ocean. These state estimates are coordinated through Global Ocean Data Assimilation Experiment (GODAE) and Estimating the Circulation and Climate of the Ocean (ECCO) [28] and were one of the original goals of the WOCE programme. They are now one of the crowning achievements of the altimetry-Argo synergy [21] . The use of observations in ocean modelling efforts is discussed further in [29] . 
Localized sustained observations
In the Introduction, we identified that documenting and understanding climate change is one of the primary motivations for sustained observations. Owing to the global nature of climate change, the focus of the previous section was on global-scale observations which allow an estimate of how widespread the signal of change is. However, ship-based hydrography rarely resolves changes on short timescales; altimetric measurements retrieve information from the sea surface only and Argo floats capture the coarse spatial variations in the top 2000 m, away from ocean boundaries. Present and future advances will rely on the ability to resolve the process of change, which models suggest may be quite rapid (on the order of months) [30, 31] .
Localized measurements (fixed point timeseries) with frequent temporal sampling have proven useful to climate studies already. In the atmosphere, single point measurements, e.g. the Mauna Loa CO 2 (figure 1), is a good indicator of the variations of CO 2 in the atmosphere, and thus provides a record of CO 2 variability from subannual to decadal timescales. In the ocean, frequently repeated stations were occupied by ocean weather ships , at several sites, internationally agreed in 1946 [32] . Present single-point observations include the Hawaiian Ocean Time Series (HOTS), Bermuda-Atlantic Time Series (BATS) (see also [33] ), the Rothera Oceanographic and Biological Time Series (RaTS) and Porcupine Abyssal Plain (PAP) sites (the last two being UK-led). However, the representativeness of the Mauna Loa record for variations in CO 2 results from the relatively short timescales of stirring and homogenization of the atmosphere. By contrast, in the ocean, single point measurements are less likely to be good indicators of global sea-level rise or warming. What they provide, when used at key locations, is the ability to detect events, quantify change or observe regime shifts, without the dangers of temporal aliasing that are intrinsic to less frequent observations.
Here, I focus on two examples of localized observations: the joint UK/US RAPID array at 26 • N in the Atlantic and a new autonomous platform type, the autonomous underwater vehicle (AUV). The RAPID programme is an example of a moored observational programme to study large-scale ocean circulation. It has been operating since 2004 and is presently funded until 2020. AUVs, of which one type is the underwater glider, provide new potential for sustained observations, though they are still an emerging technology.
(a) Moored arrays
While moored observations have been around for over a century, the focus here will be on using them to understand large-scale changes in ocean circulation. In an oceanographic context, a mooring array is a platform for anchoring sensors to the sea bed. It consists of the anchor, a wire or rope (to which the sensors are attached) and flotation to keep the wire upright. In this way, a vertical profile of data can be measured at a fixed location, with relatively high temporal sampling. Moorings can have a surface expression (buoys or instruments above the surface of the water), but these are costly and can add an element of risk. (Surface waters and waves are rougher, and equipment on the surface is at risk to ships travelling in the area.) Moorings without a surface expression are unable to transmit their data back to base stations, but must be recovered (using a research ship) in order for data to be downloaded from the sensor packages. While subsurface moorings are less risky, they can still be damaged by fishing or when strong currents knockdown the flotation which may then be damaged by pressure, preventing recovery of the data.
Moored arrays have been critical for our understanding of ocean dynamics. In the Pacific, the TAO/TRITON (previously TOGA/TAO) array has revolutionized our understanding of El Niño and allowed predictive capability of this globally important phenomenon [34] . In the Atlantic, the UK has led the installation of, and analysis of observations from the RAPID subsurface mooring array at 26 
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The RAPID array measures the MOC at temporal resolution of about 10 days (figure 8) [35] . While hydrographic estimates suggested a long-term slowdown of this circulation from 22.9 to 14.8 Sv over the period 1957-2004 [12] , the first year of RAPID measurements demonstrated that the short time-scale variability of the MOC swamps the apparent signal of decrease identified from infrequent hydrographic measurements [36] . Unlike the two timeseries in figures 1 and 9, where five measurements over the span of observations would likely recover the right sense and similar magnitude of the trend in properties, the MOC variations on short timescales prevents a similar approach from hydrographic measurements.
With each extension to the length of the timeseries, new physics and variability emerge as longer timescales are resolved. After 4 years, a seasonal cycle began to emerge with an unanticipated range of 6.7 Sv [37] . When 7 years were accumulated (2004-2011), a remarkable weakening of the MOC was documented [38] . This weakening was about 30% of the magnitude of the mean, similar to the change observed from hydrographic sections, but it persisted for over a year. With the 8.5 year record, interannual variability of the MOC is evident, with a decline an order of magnitude faster than that shown in IPCC models [39] . Using the RAPID timeseries of the MOC alongside the Met Office estimate of ocean heat content [27] , the impact of the recent Besides directly contributing to our understanding of ocean circulation and dynamics, the RAPID timeseries is also a benchmark for ocean modelling [29] . Models now show mean strengths of the overturning transport in reasonable agreement with the RAPID timeseries, with some capturing the variability of the seasonal cycle as well. The recent downturn in the MOC observed by RAPID was harder to simulate, however, with models typically showing only half the observed decrease [38] . More recent evidence suggests that the downturn may be driven by fluctuations in the atmosphere [41] . For a record of change, localized observations such as the RAPID array have made clear that the oceanic processes fill the range of timescales from daily to decadal.
(b) Autonomous underwater vehicles
AUVs provide new potential for sustained observations. Unlike Argo floats, they can control their position (barring exceedingly strong ocean currents) and unlike typical subsurface mooring arrays, can transmit their data in near real-time to scientists in their laboratories. There are several types of AUVs currently in operation. The larger UK-developed Autosub-class of platforms can support higher power sensors and has remarkable under-ice capabilities [42] . At present, however, it requires ship support and has deployment durations on the order of days. New developments within the UK Marine Autonomous and Robotic Systems group will permit longer deployments. Here, I focus on a second type of AUV, the underwater glider, which has been demonstrated potential for sustained observations. These gliders were envisioned by oceanography pioneer Henry Stommel in 1989 in a futuristic view of ocean observations [43] . In it, he imagined a future for oceanography, where the 48 hydrographic sections of WOCE could be occupied monthly by underwater gliders. As an example, he anticipated 10 gliders being used for the 24 • N (A5) hydrographic section in the Atlantic, crossing back and forth, with pairs of gliders coming together for inter calibration. For comparison, the repeat of this section in 2010 required over a month on a research vessel, with associated costs in fuel, crew, technician and scientist time, as well as measurement expenses. Some 20 years later, gliders are now capable of profiling to 1000 m, for missions of six months and longer, recovering 1000 or more profiles of temperature and salinity from a single glider. They can be controlled remotely, linking up via satellite telephone each time they surface, to transmit their data or be redirected to another target position.
Gliders have several advantages relative to other measurement techniques; however, when used in isolation, the data can present challenges in their use. Gliders are inexpensive when compared with operating costs of global-class research ships. Unlike Argo floats, gliders are designed to be recovered after a mission, allowing for recalibration of sensors. Gliders have also proved themselves in extreme conditions. In the Southern Ocean, gliders were deployed from the ice shelf ( figure 10 ) and sampled in a polynya (a locally ice-free area) [44] . In the Labrador Sea, where intense winter storms result in deep water formation, two gliders made over 1200 profiles in six months [45] . However, while a hydrographic section recovers a full transect in a month, and the Argo array creates a global snapshot every couple of months, gliders travel slowly through the ocean in a narrow region. The slow speed (about 0.5 knots or 0.2 m s −1 ) is dictated by power requirements and necessary to extend their duration. Variations associated with internal tides or waves can be aliased into individual profiles of data [46] , whereas seasonal changes can be aliased into spatial variations [47] . Combining glider datasets with other data, such as from satellites, may ameliorate some of these problems ( figure 11) . A satellite data field can provide insights into the spatial variations in a region, whereas the glider gives a window into the subsurface region.
As an emerging technology, gliders are presently a risky measurement technique. While gliders are designed to last longer than six months for a single mission, and the current record is around 11 months, a recent analysis of UK and European glider missions showed that a glider deployed for a 90 days has a 50% chance of failure within the first 90 days [48] . While there is a risk of loss for any instrument deployed into the ocean, the pattern of glider deployment, with time spent on the surface while communicating with satellites, means that they can be damaged by passing ships. They are also relatively complicated instruments, with several moving parts, and are subjected to enormous changes in pressure as they profile continuously profile between the surface and 1000 m. These stresses can damage the glider, causing leaks or other problems, sometimes thousands of kilometres from land. 
(i) Summary
Two methods for localized sustained observations were presented. For moored observations, the example highlighted was the UK-led RAPID measurements of the MOC and advances they have provided to our understanding of ocean circulation. The second is an emerging technology of underwater gliders, with potential yet to be fully realized. As with global-scale observational methods, each of these measurement methods has advantages and disadvantages which must be considered before using them. While both offer the potential for high-quality data, they present trade-offs in their sampling strategies (moorings fixed in space but with high temporal sampling; gliders moving slowly through space and time). In addition, the varying levels of risk associated with each, with relatively high risk for gliders at present, means that they must be used with caution if the aim is to provide a high-quality, continuous observation.
Future of sustained observations
In just the past two decades, the methodologies with which we observe the ocean have changed dramatically. No longer restricted to ship-based measurements, we now routinely use satellite and autonomous float data, whereas moored observations are now being used to examine basin-wide changes in ocean circulation. These networks of satellites and autonomous platforms have multiplied the number of observations we can make, whereas combinations of data types have yielded new insights. The amount of data now being retrieved would not have been possible from ships alone. In the following, four areas for development will be highlighted. Three of them are about pushing the limits of some of the current measurement techniques: (i) geographically, (ii) giving a wider view, and (iii) shrinking the scales that are observed repeatedly. The fourth (iv) is about pushing our limits in developing practices and methods to exploit the strengths of individual datasets, and the synergies between them. However, in considering the brave new world of observational methods, extreme caution must be applied before considering abandoning traditional measurement techniques. These issues are discussed in §4e.
(a) Deep ocean, marginal seas and under-ice measurements
One of the most straightforward improvements to our observational methods will be to extend them to areas where coverage is sparse. As noted above, Argo floats only measure the top 2000 m in water and away from boundaries. New measurements will extend both to the deep ocean (below 2000 m) and to the marginal seas (regions between 0 and 2000 m deep), and will need to address the challenges associated with each [49] . The deep ocean observations are critical for estimating decadal changes in Earth's radiation balance [50] , but are currently limited to ship-based hydrography. Several prototypes for deep Argo exist, and the first few deep floats have been added to the UK Argo fleet. However, as a recent technological development, their reliability and endurance is not yet proven. In addition, measurements under ice in the Arctic or around Antarctica are sought, to shed light on the accelerated rates of melting in both oceans. Under-ice observations have been made by Seagliders, Autosub [42] and profiling floats [51] .
Challenges associated with lack of communication (no access to the surface) and impacts from ice are being addressed by adding sonar communications, creating more robust float bodies or adding ice-avoidance algorithms.
(b) A wider view of circulation
The RAPID programme has demonstrated both that it is possible to measure the basin-wide circulation on short timescales, and from these observations have shown that the MOC at 26 • N is highly variable on all observed timescales. We now question whether measurement of the MOC at a single latitude is representative of the global overturning. the Atlantic indicate that variability is regionally similar, but the relationship with 26 • N is less transparent [52] . Modelling studies suggest a break in coherence at the interface of the subtropical and subpolar gyres (figure 12) [53] .
The pioneering work of the RAPID programme has led to further developments in observing the ocean circulation. A new basin-wide observational array is set to be deployed in 2014 to observe the overturning in the subpolar North Atlantic (Overturning in the Subpolar North Atlantic Programme, OSNAP) [54] . The UK-contribution to OSNAP builds both on the expertise developed through RAPID and from previous array deployments at Cape Farewell, Greenland, where the deep western boundary current was measured [55, 56] . The aim of the programme is to quantify heat and freshwater fluxes around the subpolar gyre, from the Labrador Sea to Cape Farewell, to Scotland. It is expected that observed changes 'downstream' at 26 • N may be related to adjustment processes at higher latitudes such as deep convection anomalies. Through the two arrays, RAPID and OSNAP, we will have a better understanding of the Atlantic MOC. A third array is still in early stages of deployment South Atlantic (South Atlantic Meridional Overturning Circulation, SAMOC) [57] . This transport estimate at the southern boundary of the Atlantic will 
(c) Shrinking scales
At the same time that we are looking at connectivity across entire ocean basins, we are also shrinking the scales at which we make sustained observations of the oceans. Just as the addition of a high precision altimeter shifted our view of the ocean to reveal the ocean mesoscale (50-200 km, figure 6 ), new methods both from space and in situ are materializing. Wide-swath altimetry (figure 13) will allow sea surface height observations of the ocean sub-mesoscale (1-10 km features within a 130 km swath) [58] . While Argo floats contribute a much-needed subsurface view to complement present-day altimetry, gliders are likely to reveal high-resolution vertical and horizontal scales to complement swath altimetry. New techniques to measure mixing from autonomous platforms (directly from gliders [59] or from microstructure instruments installed on them) and moorings (from high-frequency velocimeters) promise new insights into the temporal variability of the smallest scale physics of the ocean. Although this paper primarily focused on large-scale sustained observations for the study of climate change, numerical simulations of ocean circulation have shown that processes at the smallest scales critically influence the large-scale circulation [60] . Those smallest scales of oceanic processes-from centimetres to kilometres-are too small to be directly simulated in climate models with grid sizes ranging from a quarter degree (roughly 25 km) and larger. Instead, 
(d) New methodologies and synergistic analyses
This last highlight for the future of sustained observations is more about pushing our limits than those of the instruments. Combinations of different data sources can provide a more complete picture of the ocean by capitalizing on the complementary nature of various platforms. The depth coverage of Argo supplements the spatial and temporal resolution of altimetry. Eulerian timeseries from moorings complement the slowly profiling but high vertical resolution of glider data [49] , whereas the spatial evolution from satellite data compensates for the slow translational speeds of gliders [46, 62] . In a hybrid between point measurements and spatial coverage, a recent experiment used gliders to analyse the ocean from a Lagrangian frame of reference. Lagrangian floats, i.e. floats which follow the motion of fluid parcels, were deployed and then circled by gliders. The floats accounted for the background advective field, whereas the gliders created a small-scale view of spatial variations around the parcel of water (figure 14) [63] . Combining satellite altimetry with the Global Drifter Programme (http://www.aoml.noaa.gov/phod/dac/index.php) permits high-quality estimates of surface currents [64] . Using this same dataset, new statistical techniques are being developed through collaborations between oceanographers and statisticians to deal with distributed networks of observations [65] . These new methods promise to deliver greater understanding of surface processes of the ocean, such as the eddying activity associated with jets or currents in the ocean ( figure 15 ). Integrating measurements in new ways, rather than just bin-averaging or comparing observations made in the same place and time, will allow us to maximize the use of datasets already in hand.
(e) A cautionary note on new technologies for sustained observations
While the development of autonomous and remotely operated systems provides new methods and results, it also brings with it new challenges. Can autonomous vehicles and floats replace ships? The answer is certainly 'not yet'. Quality control of data from autonomous systems is not yet mature. For Argo floats, the calibration and intercalibration is subjected to human guidance and, perhaps, error. By the design of the system, floats do not undergo the same kinds of rigorous calibration that is applied to ship-based hydrography. For glider data, while rapid improvements to data processing are underway, procedures are also not automatic. With large numbers of floats or gliders, the calibration problem will become both simpler (more instruments to intercompare) and more difficult (more data to handle). Reliability of autonomous platforms is also underperforming the intended capability. The probability of a deep glider (1000 m profile) aborting a 90 day mission is 0.5 [48] , limiting their use for sustained observations. In addition, piloting choices can affect data quality, necessitating good communication between pilots and the data end-users, which is not always the current practice. While sensors for measuring temperature and, to a lesser degree, salinity, are high quality and relatively drift-free when compared with biological and chemical measurements, even a small drift can be disastrous for climate-quality timeseries of ocean properties.
A recently discussed example of data quality issues comes from the use of expendable bathythermographs or XBTs for ocean heat content estimates. XBTs make temperature profiles and from a previous estimate prior to correcting for errors in XBT measurements [66] . Note the relatively warm period in the previous estimate (grey dashed) in the 1970s. The reference period is 1957-1990 [67] . 2012 by the American Geophysical Union.
by measuring temperature as a function of time. If the instrument has a known fall-rate, then the time can be converted to pressure. However, manufacturing changes in the 1960s and 1970s resulted in an apparent warm 'bump' in the globally averaged temperatures between 1970 and 1985 ( figure 16 ). Rather than the warming being caused by a widespread change in temperatures, it was attributed to a large number of XBTs having a fall rate different than expected [67] . The result was an error in the global timeseries of heat content.
Will autonomous vehicles and floats eventually replace research ships? I do not think they can. For the purposes of measuring the broad-scale properties in the oceans, Argo floats work reasonably well. With a large array (over 3000 floats), modest resolution requirements (300 km resolution at three monthly timescale), and continuous replenishment, the loss of an individual float does not significantly damage the data quality of the network overall. However, the transbasin arrays such as RAPID at 26 • N, which have revolutionized our understanding of ocean circulation variability, require specialized equipment and experience, provided by our research ships, to deploy. Replacing the boundary moorings with autonomous underwater vehicles would be risky in critical locations. For the gliders to prioritize endurance (presently deployed moorings are only recovered after 18 months of sampling), their speed would have to be limited. Limiting the speed of the glider means that in boundary currents, they will struggle to maintain position. In addition, because they must surface to determine their position and transmit data, gliders become susceptible to boat traffic. As such, they are inherently riskier than subsurface moorings, particularly when used near shore where traffic is intensified. How willing are we to suffer the loss of a month or several months of measurements owing to a failure of a critical instrument? While new technologies offer exciting possibilities, the choice of a particular observational technique must be guided by the scientific question, the necessity for precision and reliability.
Conclusion
The UK oceanographic community has both led and contributed to sustained observations of the oceans. Hydrographic sections provide high-quality temperature and salinity measurements to the deepest depths of the ocean. Satellite altimeters provide weekly estimates of sea surface height, from which surface currents can be derived. oceanography will be in measuring the large-scale, time-varying ocean circulation. Transbasin mooring arrays, beginning with the RAPID array at 26 • N in the Atlantic now provide continuous estimates of the MOC, resolving variability on timescales of days to years. Each of the different platforms-ships, satellites, floats, moorings and gliders-has afforded new insights into the physics of the oceans, with the last four highlighting the unsteady nature of the ocean circulation.
The future of sustained observations has four areas prime for development. (i) In new technological capabilities, increasing the ability of autonomous systems to measure in the deep ocean, marginal seas and under-ice is already underway. (ii) Widening the lens with which we view the Atlantic overturning circulation, the RAPID array at 26 • N will soon be joined by the OSNAP array in the subpolar North Atlantic, allowing us both to monitor the changes to the circulation, and pose new questions as to how the observed changes are arising and interconnectivity of circulation. (iii) While the focus here has been on climate scale processes, numerical model studies have shown that the largest scales of circulation depend critically on the smallest scales parametrized, that is, on ocean mixing. Presently, measurements of mixing are largely confined to process-orientated studies: short duration and limited spatial scope. New technologies will permit mixing scales to be observed continuously, allowing investigation of their temporal and spatial variability, enabling new and better parametrizations for ocean models. Finally, (iv) as the types and sources of data are increasing, so too are the opportunities to use combine data in innovative ways. In this way, deficiencies in one datatype can be compensated for by strengths in another. New statistical techniques will need to be developed to deal with distributed networks of data, for example, from Argo profiling floats. The promise of new technologies is great, but for a given application, the science aims must drive the choice of observational method.
In order for the measurements already taking place to have maximum impact, they must be sustained, so that their observed changes can be placed in the context of natural variability. Indeed, the longest records we can have will be the ones that were started a decade or a century ago. One of the greatest challenges of sustaining observations for marine science is their expense. International coordination of efforts, such as the GO-SHIP for hydrographic sections and EuroArgo (www.euro-argo.eu) programme for profiling floats has helped to distribute the costs between countries. The RAPID project, while UK-led, was jointly funded by the US National Science Foundation. However, in the UK, there is currently no funding body for long-term sustained observations in physical oceanography. Without such funding, sustaining long records requires continuous appeals for follow-on funding [68] . Political shifts, changes in government priorities or science funding systems can inject uncertainty into the future of sustained observations. Gaps in long records can have dramatic consequences for statistical methods to determine trends or changes, meaning that even a short gap could negatively impact one's ability to identify change [69] . While in the USA, the National Oceanic and Atmospheric Administration funds certain routine observations, there is as yet no mechanism in the UK to ensure the integrity of sustained observations.
Climate change is not a problem that will be solved in the next 5-10 years. It is ongoing and continuously changing. We are pushing forward, extending the technological capabilities and incorporating new theoretical understanding into our analysis of data and design of experiments. As timeseries are built up, and records lengthen, we will be able to discern the complex relationships between the ocean circulation, its forcings and effects. While climate change is a certainty, the regional changes and feedbacks are not yet known. The need for sustained observations to document and understand processes responsible for climate change is critical.
